REV1 functions in the DNA polymerase ζ mutagenesis pathway. To help understand the role of REV1 in lesion bypass, we have examined activities of purified human REV1 opposite various template bases and several different DNA lesions. Lacking a 3′→5′ proofreading exonuclease activity, purified human REV1 exhibited a DNA polymerase activity on a repeating template G sequence, but catalyzed nucleotide insertion with 6-fold lower efficiency opposite a template A and 19-27-fold lower efficiency opposite a template T or C. Furthermore, dCMP insertion was greatly preferred regardless of the specific template base. Human REV1 inserted a dCMP efficiently opposite a template 8-oxoguanine, (+)-trans-anti-benzo[a]pyrene-N 2 -dG, (-)-trans-antibenzo[a]pyrene-N 2 -dG and 1,N 6 -ethenoadenine adducts, very inefficiently opposite an acetylaminofluorene-adducted guanine, but was unresponsive to a template TT dimer or TT (6-4) photoproduct. Surprisingly, the REV1 specificity of nucleotide insertion was very similar in response to different DNA lesions with greatly preferred C insertion and least frequent A insertion. By combining the dCMP insertion activity of human REV1 with the extension synthesis activity of human polymerase κ, bypass of the trans-anti-benzo[a]pyrene-N 2 -dG adducts and the 1,N 6 -ethenoadenine lesion was achieved by the two-polymerase two-step mechanism. These results suggest that human REV1 is a specialized DNA polymerase that may contribute to dCMP insertion opposite many types of DNA damage during lesion bypass.
INTRODUCTION
Cells contain four complex systems in response to DNA damage: DNA repair, cell cycle checkpoint control, apoptosis and damage tolerance. Damage tolerance enables cells to completely replicate the genome in the presence of DNA damage. Unlike DNA repair, damage tolerance does not remove DNA lesions. Lesion bypass is an important damage tolerance mechanism, which directly copies the damaged DNA template during replication. Conceptually, lesion bypass can be divided into four steps: (i) damage recognition; (ii) nucleotide insertion opposite the lesion; (iii) extension DNA synthesis from opposite the lesion; and (iv) replication restoration. Steps (ii) and (iii) are frequently referred to as translesion synthesis. Two types of lesion bypass are known: error-free lesion bypass and error-prone lesion bypass. The former predominantly incorporates the correct nucleotide opposite the lesion, whereas the latter frequently incorporates an incorrect nucleotide opposite the lesion. Consequently, error-free lesion bypass is a mutation-avoiding mechanism, whereas error-prone lesion bypass is a mutation-generating mechanism. In cells, errorprone lesion bypass constitutes a major mechanism of DNA damage-induced mutagenesis.
Translesion synthesis often requires a specialized DNA polymerase (Pol), as many lesions block replicative polymerases. Recent biochemical studies suggest that DNA polymerases of the newly identified Y (UmuC) family are probably involved in translesion synthesis (1, 2) . The prototypic members of the Y family consist of the Escherichia coli DNA polymerase IV, the E.coli polymerase V, the yeast Rev1, the yeast Polη and the human Polι (1, 2) . Yeast Rev1 is a deoxycytidyl (dCMP) transferase, which efficiently inserts a C opposite a template G or apurinic/apyrimidinic (AP) site (3) . Lawrence and colleagues observed that yeast cells predominantly incorporate a C opposite a template AP site (4, 5) . Thus, it was proposed that Rev1 plays a major role in nucleotide insertion opposite the lesion during bypass of a template AP site (3) . Supporting this hypothesis, C incorporation opposite a site-specific template AP site was no longer observed in a yeast rev1 deletion mutant strain (5) .
In yeast, Rev1 functions in the Polζ mutagenesis pathway (3, 6) . This pathway is a major error-prone lesion bypass mechanism and is required for mutagenesis induced by UV radiation, acetylaminofluorene (AAF) and AP sites (5, 7, 8) . Rad6, Rad18 and DNA Polζ (the Rev3-Rev7 complex) are additionally required for the Polζ mutagenesis pathway. The Rad6-Rad18 complex is thought to function at an early step of the Polζ mutagenesis pathway (9) . Yeast Polζ is able to perform extension DNA synthesis from opposite several lesions examined (10) (11) (12) (13) . Nucleotide incorporation activity of *To whom correspondence should be addressed. Tel: +1 859 323 5784; Fax: +1 859 323 1059; Email: zwang@uky.edu yeast Polζ has also been observed opposite some DNA lesions (13) . Accordingly, Guo et al. (13) proposed a Polζ dual-function model that this polymerase functions at both the translesion synthesis step and the extension synthesis step in response to some DNA damage during lesion bypass. While TT dimer bypass can be efficiently catalyzed by Polη alone (14) (15) (16) , efficient extension synthesis of many lesions may require Polζ following nucleotide insertion by the Y family polymerases, as suggested by the two-polymerase two-step model of lesion bypass (13) .
Human homologs of RAD6, RAD18, REV1, REV3 and REV7 have all been identified and cloned (17) (18) (19) (20) (21) (22) (23) (24) . Human REV1 protein is also a dCMP transferase capable of C insertion opposite a template G, U and AP site (21) . Human REV3 interacts with human REV7 (24) , and human RAD18 interacts with the two Rad6 human homologs, HHR6A and HHR6B (18, 19) . Additionally, human REV1-REV7 interaction has also been observed (25) . Human cells with perturbed RAD18 function show sensitivity to several DNA damaging agents (19) . Reduced expression of REV1 and REV3 genes in cultured human cells results in significant reduction of UV-induced mutagenesis (22, 23) . These molecular, biochemical and genetic studies clearly indicate that a Polζ mutagenesis pathway, similar to that in yeast, is operational in humans. Ubiquitous expression of RAD18, REV1 and REV3 genes in various human tissues is consistent with the notion that the Polζ pathway may represent a major mutagenesis mechanism in mammals (18, 20, 21) .
The role of REV1 in the Polζ pathway is poorly understood. Other than a template AP site, it is not known whether REV1 can catalyze nucleotide insertion opposite other DNA lesions. In order to evaluate whether REV1 is responsive to a wider spectrum of DNA lesions, we have analyzed biochemical activities of purified human REV1 protein toward various template bases and DNA lesions. In this report, we show a DNA polymerase activity of human REV1 on repeating template G sequences, demonstrate dCMP insertion activities of human REV1 in response to several types of DNA lesions, and show sequential lesion bypass by the combined activities of human REV1 and Polκ. Our results suggest that human REV1 is a specialized DNA polymerase that may contribute to dCMP insertion opposite many types of DNA damage during lesion bypass.
MATERIALS AND METHODS

Materials
A mouse monoclonal antibody against the His 6 tag was purchased from Qiagen (Valencia, CA). Alkaline phosphatase conjugated anti-mouse IgG was from Sigma Chemicals (St Louis, MO). All undamaged oligonucleotides were synthesized by Operon (Alameda, CA) unless otherwise indicated. N-Acetoxy-N-2-acetylaminofluorene (the activated form of AAF) was obtained from the Midwest Research Institute (Kansas City, MO). The E.coli strain BL21(DE3) and the E.coli expression vector pET-3d were purchased from Invitrogen (Carlsbad, CA). Human Polκ was purified to near homogeneity as previously described (26) .
DNA templates containing a site-specific lesion
The 30mer DNA template, 5′-CCTTCTTCATTCXAACATA-CTTCTTCTTCC-3′, contained a tetrahydrofuran (AP site analog) at the X position. The 30mer DNA template, 5′-GGATGGA-CTGCAGGATCCGGAGGCCGCGCG-3′, contained an 8-oxoguanine at the underlined G. The 29mer DNA template, 5′-CCATCGCTACCTACCATCCGAATTCGCCC-3′, contained a 1,N 6 -ethenoadenine at the underlined A. These three damaged DNA templates were synthesized via automated DNA phosphoramidite methods by Operon. A 33mer DNA template containing either a site-specific (+)-trans-anti-benzo[a]pyrene (BPDE)-N 2 -dG or a site-specific (-)-trans-anti-BPDE-N 2 -dG was prepared as previously described (27) (28) (29) . Its sequence is 5′-CTCGATCGCTAACGCTACCATCCGAATTCGCCC-3′, where the modified guanine is underlined. A 30mer DNA template containing a site-specific AAF-adducted guanine was prepared as previously described (26) . Its sequence is 5′-CCT-TCTTAATAGCTTCATACTTCTTCTTCC-3′, where the modified guanine is underlined. A 49mer DNA template containing a site-specific cis-syn TT dimer or a TT (6-4) photoproduct was prepared as previously described (30) . Its sequence is 5′-AGCTACCATGCCTGCACGAATTAAGCAATTCGTAAT-CATGGTCATAGCT-3′, where the modified TT is underlined.
Purification of human REV1 protein
The human REV1 cDNA containing the His 6 -coding sequence at its 5′ end was cloned into the NcoI and BamHI sites of the E.coli expression plasmid pET-3d, yielding pETh6-hREV1. Escherichia coli BL21(DE3) cells harboring pETh6-hREV1 were grown in 500 ml of LB medium containing 100 µg/ml of ampicillin to 1 OD 600 . Then, isopropyl β-D-thiogalactopyranoside was added to 1 mM to induce expression of human REV1 for 12 h. Cells were collected by centrifugation, resuspended in 20 ml of Ni buffer A containing 50 mM sodium phosphate, pH 8.0, 0.3 M NaCl, 10% glycerol, 0.5% Igepal CA630, 10 mM imidazole, 5 mM β-mercaptoethanol and protease inhibitors (18) . Cells were homogenized by a sonicator (Fisher Scientific, Pittsburgh, PA) with a setting at 30% power, using 30 pulses of 1 s each with a 1 s pause between pulses on ice. The clarified extract (∼20 ml) was loaded onto a NiSO 4 -charged HiTrap chelating column (1 ml; Amersham Pharmacia Biotech, Piscataway, NJ) at a flow rate of 0.5 ml/min. After washing the column sequentially with 15 ml of Ni buffer A containing 10 mM imidazole and 15 ml of Ni buffer A containing 50 mM imidazole, bound proteins were eluted with a 20 ml linear gradient of 50-500 mM imidazole. The His 6 -tagged human REV1 protein was identified by western blot analyses using a mouse monoclonal antibody specific to the His 6 tag. The pooled human REV1 (10 ml) was concentrated to 1 ml by PEG 8000 in a dialysis bag and loaded onto an FPLC Superdex 200 HR10/30 column (Amersham Pharmacia Biotech). The gel filtration column was eluted with FPLC buffer A (50 mM Tris-HCl, pH 7.5, 10% glycerol, and 5 mM β-mercaptoethanol) containing 300 mM KCl. Silver staining, western blot analyses and dCMP transferase assays were performed to detect and confirm the purified human REV1 protein.
The dCMP transferase assay
Assays of dCMP transferase were performed essentially as previously described (21) . This dCMP transferase assay is identical to our standard DNA polymerase assay (31) . A standard reaction mixture (10 µl) contained 25 mM KH 2 PO 4 pH 7.0, 5 mM MgCl 2 , 5 mM dithiothreitol, 100 µg/ml bovine serum albumin, 10% glycerol, 50 µM of dNTPs (dATP, dCTP, dTTP and dGTP individually or together as indicated), 50 fmol of a DNA substrate containing a 5′-32 P-labeled primer, and purified human REV1 protein. After incubation at 30°C for 10 min or otherwise indicated, reactions were terminated with 7 µl of a stop solution (20 mM EDTA, 95% formamide, 0.05% bromophenol blue and 0.05% xylene cyanol). Reaction products were separated on a 15% polyacrylamide gel containing 8 M urea and visualized by autoradiography.
Kinetic analysis of nucleotide insertion by human REV1
Kinetic analysis of human REV1 was performed as previously described (31, 32) . Briefly, the assays were performed using 50 fmol of a primed DNA template, 2 ng (14 fmol) of purified human REV1 and increasing concentrations of each dNTP (dATP, dCTP, dTTP or dGTP). Incubations were for 2 min at 30°C under standard DNA polymerase assay conditions. Longer incubations of up to 120 min were required to detect some misincorporations by human REV1. Reaction products were separated by electrophoresis on a 15% denaturing polyacrylamide gel. The fraction (%) of primers extended by human REV1 was calculated following scanning densitometry of the extended DNA band(s) and the remaining primer band on the autoradiogram. Product formed (P) was derived from the calculation P = % primer extension × 50 fmol. Observed velocity (v) was obtained from the calculation v = P/incubation time in min. Then the observed velocity was plotted as a function of dNTP concentration. The plotted data was fitted by a non-linear regression curve to the Michaelis-Menten equation,
, using the SigmaPlot software. V max and K m values of nucleotide insertion were obtained from the fitted curves. The rate of A, G and T insertions relative to the C insertion was calculated from the equation
RESULTS
DNA polymerase activity of human REV1 protein
Previously, we expressed and purified human REV1 protein from the yeast Saccharomyces cerevisiae (21) . To avoid potential interference of REV1 activity by a eukaryotic protein, we expressed human REV1 in E.coli cells and purified the protein again to near homogeneity (Fig. 1A) . Human REV1 protein was tagged with six histidine residues at its N-terminus to facilitate its purification and detection. Human REV1 purified from E.coli cells migrated as a 153 kDa protein on a 10% SDS-polyacrylamide gel (Fig. 1A) , consistent with its calculated molecular weight of 138 kDa (21) . The identity of the tagged human REV1 was confirmed by western blot analysis using a mouse monoclonal antibody specific to the His 6 tag (data not shown). Thus, the full-length human REV1 was purified. Three faint protein bands of 140, 107 and 71 kDa, respectively, were additionally detected below the human REV1 band (Fig.  1A) . These bands were also detected by western blot analysis using the monoclonal antibody specific to the His 6 tag (data not shown), suggesting that they are C-terminal degradation products of human REV1.
Initially, we found that human REV1 possesses a dCMP transferase activity capable of inserting a C opposite a template G (21) . To determine whether human REV1 also possess a DNA polymerase activity on repeating template G sequences, we performed standard DNA polymerase assays, using a 33mer DNA template and a 20mer 32 P-labeled primer annealed right before a stretch of eight template G residues (Fig. 1B) . As shown in Figure 1B (lane 1), a DNA polymerase activity was readily detected with purified human REV1. Various primer extension products were observed that differed in length by 1 nt (Fig. 1B, lane 1) , indicating that human REV1 synthesizes DNA in a distributive manner. To identify the nucleotides incorporated, we performed the polymerase assay again in the presence of only one dNTP at a time (Fig. 1B, lanes 2-5) . As shown in Figure 1B (lane 3), eight C residues were incorporated by human REV1 opposite the stretch of eight template G residues. Apparently, two C residues were also incorporated opposite the template 3′-AG sequence at the end of the template G 8 stretch (Fig. 1B, lane 3) . These results show that human REV1 is a DNA polymerase on repeating template G sequences.
Human REV1 does not possess a 3′→5′ proofreading exonuclease activity
To examine whether human REV1 contains a proofreading exonuclease activity, we labeled a 15mer primer at its 5′ end with 32 P and annealed it to a 30mer DNA template, yielding an A-C (template-primer) mismatch at the primer 3′ end (Fig. 2) . In the absence of dNTPs, a 3′→5′ proofreading exonuclease would recognize a mismatch at the primer 3′ end and subsequently remove one or a few nucleotides from the 3′ end of the primer. Under the conditions used, the proofreading nuclease activity of the Klenow fragment of E.coli DNA polymerase I was readily detected after 2 min incubation (Fig. 2, compare lanes  1 and 2) . In contrast, human REV1 did not degrade the mismatched primer even after 30 min incubation in the absence of dNTPs (Fig. 2, lane 3) . These results show that human REV1 does not possess a 3′→5′ proofreading exonuclease activity.
DNA synthesis opposite various template bases
To examine whether human REV1 is capable of utilizing template A, C and T bases for DNA synthesis, we performed DNA polymerase assays with the purified protein (71 fmol), using templates A, T and C containing a 17mer 32 P-labeled primer (50 fmol) (Fig. 3A) . Templates G, U and AP site (50 fmol) were also included for comparison (Fig. 3A) . In the presence of all four dNTPs, human REV1 inserted only one nucleotide opposite the template C and the template AP site (Fig. 3B, lanes 16 and 26) , mainly one nucleotide opposite the template A (Fig. 3B, lane 1) , and two nucleotides opposite the templates T, G and U (Fig. 3B, lanes 6, 11 and 21 ). However, nucleotide insertions opposite templates A, T and C were less efficient than those opposite templates G, U and AP site (Fig. 3B, compare lanes 1, 6 and 16 with lanes 11, 21 and 26) . To determine what nucleotide was inserted by human REV1, DNA polymerase assays were carried out in the presence of only one dNTP at a time. As shown in Figure 3B , C was predominantly inserted by human REV1 with every template. Furthermore, human REV1 extended the T-C (templateprimer) and U-C mismatches by 1 nt with C insertion opposite the next template C (Fig. 3B, lanes 8 and 23) , although such extension was significantly less efficient than that from the G-C base pair (Fig. 3B, lane 13) .
To quantitatively compare the efficiency and specificity of nucleotide insertion, we performed kinetic analysis of nucleotide insertion by human REV1. DNA polymerase assays were performed with human REV1 (14 fmol), using different DNA templates (50 fmol) and increasing concentrations of a single dNTP. Nucleotide insertion products were then quantified from the gel autoradiogram. As an example, results of dCMP insertion opposite the templates C and G are shown in Figure 4 . From these assays, the kinetic parameters V max and K m were obtained. As indicated by the V max /K m values, C insertion opposite templates A, C, T, G, U and AP site was most efficient compared with other nucleotide insertions (Table 1) . With a relative rate of 1 for C insertion, other nucleotides were incorporated with rates in the order of 10 -3 -10 -5 (Table 1) . Based on the V max /K m values (Table 1) , relative efficiency of C insertion opposite templates G, AP site, U, A, T and C were 1, 0.8, 0.3, 0.2, 0.05 and 0.04, respectively. These results show that human REV1 recognizes template G efficiently, template A less efficiently, and templates T and C inefficiently, but indiscriminately inserts dCMP opposite all four template bases.
Accurate nucleotide insertion by human REV1 opposite damaged template G
Efficient recognition of template G by human REV1 for DNA synthesis raised the question whether this enzyme is able to perform nucleotide insertion opposite damaged template G. To answer this question, we examined the response of human REV1 to four template G lesions: 8-oxoguanine, (+)-transanti-BPDE-N 2 -dG adduct, (-)-trans-anti-BPDE-N 2 -dG adduct and AAF-adducted guanine. Opposite the first three lesions, human REV1 effectively inserted 1 nt (Fig. 5A and B, lane 1; Fig. 5B, lane 6) . Inefficiently, human REV1 also inserted one nucleotide opposite the AAF-adducted guanine (Fig. 5C, lane  1) . Regardless of the specific damage, a C was predominantly inserted by human REV1 opposite the lesion (Fig. 5A-C, lane  3 ; Fig. 5B, lane 8) . Minor G and T insertions were also observed opposite (+)-trans-anti-BPDE-N 2 -dG adduct and (-)-trans-anti-BPDE-N 2 -dG adduct (Fig. 5B, lanes 4, 5, 9 and 10 ).
To quantitatively determine if the lesion affects kinetics of human REV1 catalysis, we measured the kinetic values of nucleotide insertion opposite damaged versus undamaged template G. As indicated by the V max /K m values (Table 2) , 8-oxoguanine, (+)-trans-anti-BPDE-N 2 -dG and (-)-trans-anti-BPDE-N 2 -dG inhibited dCMP insertion of human REV1 by 2.6-, 6.7-and 5.6-fold, respectively. The specificity of nucleotide insertion by human REV1, however, was quantitatively very similar with or without the damage ( Table 2 ). The V max /K m value of human REV1 opposite a template AAF-guanine was 0.0034, compared with 3.86 opposite the undamaged G in the same sequence context (1135-fold inhibition). Kinetic parameters of other nucleotide insertion opposite the AAF-guanine adduct were not measurable under the experimental conditions used. These results show that human REV1 is capable of accurate nucleotide insertion with varying efficiencies opposite damaged template G, such as 8-oxoguanine, (+)-trans-anti-BPDE-N 2 -dG adduct, (-)-trans-anti-BPDE-N 2 -dG adduct and AAF-adducted guanine.
Error-prone nucleotide insertion by human REV1
To examine whether human REV1 is capable of nucleotide insertion opposite DNA lesions other than damaged G, we examined the response of this enzyme to a template 1,N 6 -ethenoadenine. A 29mer DNA template was synthesized, which contained a site-specific 1,N 6 -ethenoadenine. A 20mer 5′ 32 P-labeled primer was then annealed right before the lesion (Fig. 5D ). In the presence of all four dNTPs, purified human REV1 efficiently inserted 1 nt opposite the lesion (Fig. 5D, lane 1) . To identify the inserted nucleotide, the reaction was performed again in the presence of only one dNTP at a time. As shown in Figure 5D (lane 3), C was predominantly inserted by human REV1 opposite the template 1,N 6 -ethenoadenine. Much less efficiently, T and G insertions were also detected (Fig. 5D, lanes 4 and 5) . Based on kinetic measurements, C insertion by human REV1 opposite 1,N 6 -ethenoadenine was as efficient as opposite undamaged template A (Table 3) . Furthermore, the specificity of nucleotide insertion by human REV1 opposite 1,N 6 -ethenoadenine was similar to that opposite 8-oxoguanine, (+)-trans-anti-BPDE-N 2 -dG and (-)-trans-anti-BPDE-N 2 -dG (Tables 2 and 3 ). These results show that human REV1 performs efficient and predominant dCMP insertion opposite a template 1,N 6 -ethenoadenine, leading to an error-prone consequence.
Lesion bypass by the sequential actions of human REV1 and human Polκ
If dCMP insertion by human REV1 contributes to lesion bypass, extension DNA synthesis from opposite the lesion will have to be carried out by another DNA polymerase. To determine whether such extension synthesis can indeed take place following REV1 action, we performed lesion bypass experiments with the combined activities of purified human REV1 and human Polκ. Following REV1 action (10 min at 30°C) opposite the template (+)-trans-anti-BPDE-N 2 -dG adduct and (-)-trans-anti-BPDE-N 2 -dG adduct, purified human Polκ was added and the reaction was continued for another 10 min at 30°C. As shown in Figure 6A (lanes 2 and 4) , human Polκ efficiently catalyzed extension DNA synthesis from opposite the lesion following REV1 dCMP insertion. Similar lesion bypass experiments were also performed with the template 1,N 6 -ethenoadenine. Following REV1 dCMP insertion opposite this lesion (Fig. 6B, lane 1) , purified human Polκ again catalyzed extension DNA synthesis from opposite the lesion, resulting in ∼40% of the primers being extended beyond the lesion site in 10 min at 30°C (Fig. 6B, lane 2) . These results show that the (+)-and (-)-trans-anti-BPDE-N 2 -dG adducts and the 1,N 6 -ethenoadenine can be effectively Figure 4 . Kinetic analysis of nucleotide insertion by human REV1. Standard DNA polymerase assays were performed at 30°C for 2 min, using 2 ng (14 fmol) of purified human REV1 and 50 fmol of DNA templates containing a 32 P-labeled 17mer primer. Increasing concentrations of a single dNTP were used in the assay. The reaction products were separated by electrophoresis on a 15% denaturing polyacrylamide gel and visualized by autoradiography. After quantifying extended primers as shown below the gels, the kinetic V max and K m values were obtained as described in Materials and Methods. Autoradiograms of dCMP insertion opposite templates C and G, respectively, are shown. DNA templates used are shown in Figure 3A . DNA size markers in nucleotides are indicated at the sides. 
Human REV1 is unresponsive to a template TT dimer and TT (6-4) photoproduct
In cells, REV1 is required for UV-induced mutagenesis (23) . However, it is not known whether human REV1 is able to perform nucleotide insertion opposite UV lesions. Using a template cis-syn TT dimer and a TT (6-4) photoproduct, we did not detect nucleotide insertion with purified human REV1 opposite the 3′ T of either the template TT dimer or the TT (6-4) photoproduct even if excessive amounts of the protein (40 ng, 290 fmol) were used (Fig. 7A, lanes 2 and 3) . Human REV1 was also unable to perform nucleotide insertion opposite the 5′ T of these two lesions (Fig. 7B, lanes 2 and 3) . In separate experiments, purified human Polη performed translesion synthesis opposite the TT dimer and nucleotide insertion opposite the 5′ T of the TT (6-4) photoproduct in these same DNA templates (33) , confirming the integrity of the templates used. These results show that human REV1 is unresponsive to a template TT dimer or a TT (6-4) photoproduct in vitro.
DISCUSSION
REV1 is known as a DNA template-dependent dCMP transferase (3, 21) . We have now demonstrated that human REV1 acts as a DNA polymerase on repeating template G sequences. Accordingly, human REV1 may be considered as a specialized DNA polymerase with a typical polymerase property opposite template G but altered biochemical properties opposite the other three template bases. Surprisingly, regardless of the base identity in the template, human REV1 greatly prefers dCMP insertion, with highest efficiency opposite a template G and lowest efficiency opposite a template C or T. Following dCMP insertion, extension by human REV1 is very inefficient or undetectable from opposite a template T, A and C. Hence, the template base strongly affects the rate of nucleotide insertion and subsequent extension, but not the specificity of nucleotide insertion. This unique property explains our previous observation that dCMP is efficiently inserted by human REV1 opposite a template U (21) . Remarkably, human REV1 activity opposite template U is ∼5-fold higher than that opposite template T. Apparently, the 5-methyl group of a template T dramatically decreases recognition by human REV1.
Our results clearly show that human REV1 is not specific to a template AP site, but is catalytically responsive to a wide spectrum of different DNA lesions in vitro. Despite drastic differences in lesion structure, REV1 specificity of nucleotide insertion is surprisingly similar: predominant dCMP insertion and least frequent dAMP insertion opposite the lesion. Thus, even though human REV1 recognizes various damaged or undamaged template bases with very different affinity, this enzyme incorporates nucleotide with a similar specificity and strongly prefers dCMP insertion. These observations indicate that nucleotide selection by REV1 is not determined by hydrogen bonding and geometric fitting that normally rule DNA synthesis. The unique base selection of REV1 has profound biological impact. If REV1 indeed contributes to nucleotide insertion during lesion bypass in cells, dCMP insertion would lead to an error-free outcome opposite damaged G, but an error-prone consequence opposite other damaged bases. REV1 activity is much more efficient opposite templates G and A than opposite templates C and T. Coincidentally, nucleotide insertion by REV1 was observed opposite damaged templates G and A, but not opposite a template TT dimer and a TT (6-4) photoproduct. At present, it is not clear whether dCMP insertion by REV1 is restricted to damaged purines and AP sites in DNA.
The 1,N 6 -ethenoadenine lesion is an exocyclic DNA adduct induced by the carcinogens vinyl chloride and urethane, or spontaneously formed in cells from lipid peroxidation products (34, 35) . This lesion is mutagenic in mammalian cells (35) (36) (37) . In simian kidney cells, 1,N 6 -ethenoadenine predominantly induces A→G transitions as a result of C insertion opposite the lesion (37) . In one study with human cells, it was found that 1,N 6 -ethenoadenine induces slightly more A→T than A→G mutations and least frequently A→C mutations (36) . Based on our in vitro results that human REV1 efficiently inserts a C opposite a template 1,N 6 -ethenoadenine, we hypothesize that REV1 may play an important role in dCMP insertion during bypass of 1,N 6 -ethenoadenine in cells. In vitro translesion synthesis of a template 1,N 6 -ethenoadenine by purified human Polη has also been reported recently (38) . (39) (40) (41) . Efficient C insertion by human REV1 opposite both lesions raised the possibility that this protein may contribute to error-free lesion bypass of benzo[a]pyrene-induced guanine DNA adducts in cells. Previously, we found that human Polκ is capable of efficient error-free lesion bypass of a template (-)-trans-anti-BPDE-N 2 -dG adduct, whereas human Polη is able to perform error-prone translesion synthesis opposite a template (+)-trans-anti-BPDE-N 2 -dG adduct in vitro (26, 33) . Further genetic studies are needed to definitively prove that REV1 and Polκ contribute to error-free bypass of the trans-anti-BPDE-N 2 -dG adducts and that Polη is involved in error-prone translesion synthesis of these lesions in cells.
Most recently, we found that purified human Polκ is able to catalyze extension DNA synthesis from opposite a template trans-anti-BPDE-N 2 In vitro, human REV1 is unable to perform nucleotide insertion opposite a template TT dimer or TT (6-4) photoproduct, two major DNA lesions induced by UV radiation. Since it is involved in UV-induced mutagenesis (23), REV1 may perform another function different from its dCMP transferase activity in response to UV radiation. This has also been suggested for the yeast Rev1 protein (5) . However, this presumed second function of REV1 is presently unknown. Among the Y family DNA polymerases, Polη is the only enzyme in humans that can efficiently perform translesion synthesis opposite a template TT dimer. Since yeast Polζ is completely blocked by a TT dimer in vitro (12, 13) , human Polζ is likely to be unresponsive to template TT dimers, too. This underscores the pivotal role of Polη in protecting humans from the deleterious effect of UV radiation, as exemplified in xeroderma pigmentosum variant patients who have lost the Polη function (16, 42) . In the absence of Polη, the very limited nucleotide insertion activity of human Polι opposite TT dimers may become important in response to UV radiation, and may significantly contribute to mutagenesis induced by TT dimers in DNA (43, 44) . It appears that Drosophila Polι catalyzes efficient error-free bypass of a template TT dimer, and may thus function redundantly with Polη in response to UV-induced TT dimers during replication (45) .
The biochemical capability of REV1 to respond to a wide spectrum of different DNA lesions further strengthened the notion that the whole Y family of DNA polymerases is involved in copying damaged DNA templates during replication (2) . The involvement of multiple DNA polymerases would form an effective lesion bypass system in response to the many different lesions that can arise in DNA.
